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South AfricaSubtype C is the most prevalent clade in the HIV-1 pandemic. Previous studies suggested that African HIV-1
subtype C lacks a well-deﬁned phylogenetic structure. Here we show that, by sequential pruning of
ambiguously positioned taxa, a well-deﬁned intrasubtype C phylogenetic structure becomes apparent, with
52% African HIV-1 subtype C isolates analyzed in envelope sequences branching within 11 clusters, also
supported in a tree of full-length genomes, and all with geographical associations. Among 46 viruses recently
transmitted in South Africa, 70% branched within 7 clusters (41% in the largest one) and 15% additional
isolates were intercluster recombinants. Choice of the outgroup sequence and inclusion of intrasubtype
recombinant viruses in the analyses could greatly affect support of clusters. The identiﬁcation of clusters
comprising a large proportion of African HIV-1 subtype C viruses may have implications for the design of
vaccines intended for use in areas where subtype C is prevalent.on), aurorafg@isciii.es
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
One of the greatest challenges that the development of HIV-1
vaccines faces is to achieve sufﬁcient breadth of immune response to be
effective against the extensive diversity of variants causative of the
pandemic. These variants include 9 subtypes and at least 49 circulating
recombinant forms (CRF) belonging to group M, the epidemic
importance of which is variable, with only 7 clades, subtypes A through
D and G and CRFs 01_AE and 02_AG, each estimated to represent more
than 1% of global infections (Hemelaar et al., 2011). Among these,
subtype C is themost prevalent, estimated to represent 48% infections in
theHIV-1 pandemic (Hemelaar et al., 2011). Subtype C circulatesmainly
in Southern and East Africa, South and South East Asia, and Southern
Brazil, and two CRFs with largely subtype C genomes, 08_BC and 07_BC,
are themajor HIV-1 clades circulating in China.Most initial studies failed
to ﬁnd correlations of HIV-1 subtypes with susceptibility to neutralizing
antibody responses (Kostrikis et al., 1996; Moore et al., 1996; Nyambi
et al., 1996; Weber et al., 1996), with the exception of the CRF01_AE
variant circulating in SouthEastAsia,which correlates to a neutralization
serotype (Kostrikis et al., 1996;Mascola et al., 1994;Mascola et al., 1996).
However, subsequent studies have found some correlations between
HIV-1 subtypes and susceptibility to neutralizing antibody (Binley et al.,
2004; Blish et al., 2009; Brown et al., 2008; Li et al., 2006; Seaman et al.,
2010; Simek et al. 2009; van Gils et al., 2010) and T-cell responses (Caoet al., 2000; Coplan et al., 2005; Currier et al., 2003; Geldmacher et al.,
2007; McKinnon et al., 2005), with the detection of preferential
intraclade reactivities. The difﬁculty in ﬁnding strong correlations
between HIV-1 subtypes and susceptibility to immune responses may
derive from multiple causes, one of the most important of which
probably is the existence of large intrasubtype divergences, which may
reach 20% in the envelope, resulting in the loss of shared epitopes
through accumulation of mutations along subtype diversiﬁcation. By
contrast, the relatively low diversity of the South East Asian variant of
CRF01_AE, compared to subtypes, may explain its correlation to a
neutralization serotype and could also have contributed to themodestly
protective efﬁcacy of the vaccine regimen recently tested in Thailand in
the RV144 trial (Rerks-Ngarm et al., 2009). Therefore, greater vac-
cine efﬁcacy might be expected for protection against less diverse
intrasubtype clusters or variants than against highly divergent subtypes,
an idea which is also supported by studies with another lentivirus, the
equine infectious anemia virus (EIAV), in which an inverse linear
correlation between genetic distances separating vaccine and challenge
viruses in the envelope and vaccine efﬁcacy was observed, with an
amino acid distance of only 13% resulting in a 50% reduction in vaccine
protection from disease (Craigo et al., 2007). In some subtypes an
intraclade phylogenetic structure has been recognized, with the
identiﬁcation of geographical variants or clusters (Thomson and Nájera,
2005). For subtype C, viruses circulating in South and Southeast Asia
(Lole et al., 1999; Novitsky et al., 1999; Shankarappa et al., 2001), on the
one hand, and in South America (Sanabani et al., 2006; Soares et al.,
2003), on the other, form respective monophyletic clades. In Africa,
previous studies have suggested that,with the exception of someviruses
31M.M. Thomson, A. Fernández-García / Virology 415 (2011) 30–38from Ethiopia (Abebe et al., 2000; Pollakis et al., 2003) and a minor
proportion of viruses fromSouthernAfrica (Bredell et al., 2007;Novitsky
et al., 2002; Rousseau et al., 2007)which branchwithin clusters, subtype
C appears to lack a well-deﬁned phylogenetic structure. The objective of
the current studywas to examinewhether such a phylogenetic structure
existswithin AfricanHIV-1 subtype C. The strategy employed to this aim
was to remove ambiguously positioned taxa within the phylogenetic
tree, whose presence might artefactually interfere with the monophyly
of intrasubtype clusters, a strategy of phylogenetic reconstruction
similar to those previously proposed by other authors (Cranston andn=6
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Fig. 1. Phylogenetic ML trees of African HIV-1 subtype C full-length env sequences. (a) Un
signaled, indicating the number of sequences and bootstrap support (BS). (b) Pruned tree (
marked with ﬁlled circles. Sequences branch within 11 clusters, whose names, number of v
sequence (C.anc).Rannala, 2007;Wilkinson, 1996). The results show thatmore thanhalf of
African subtype C viruses analyzed in the envelope conform into a well-
deﬁned intrasubtype phylogenetic structure, comprising 11 clusters, all
with geographical associations.
Results
The maximum likelihood (ML) phylogenetic tree with the un-
pruned alignment of all 650 African subtype C envelope sequences
downloaded from the Los Alamos HIV Sequence Database constructedn=16
BS=90%
n=5
BS=70%
C3
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BS=100%
C1
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pruned tree. Clusters comprising ≥5 viruses supported by≥70% bootstrap values are
see Materials and methods for details). Nodes supported by ≥80% bootstrap values are
iruses, and BS are shown. The trees are rooted with the estimated ancestral subtype C
32 M.M. Thomson, A. Fernández-García / Virology 415 (2011) 30–38with RAxML revealed a largely unstructured phylogeny with only
51 (7.8%) sequences branching within 5 clusters of ≥5 sequences
(ranging from 5 to 24 sequences per cluster) supported by ≥70%
bootstrap values (Fig. 1a). We hypothesized that the apparent lack of
phylogenetic structure in African subtype C might be the result of
artefactual clade collapse caused by the presence of phylogenetically
unstable taxa, such as those corresponding to intrasubtype recombi-
nant viruses, which contain conﬂicting phylogenetic signal, or basally
branching viruses, which might decrease the synapomorphic phylo-
genetic signal supporting the monophyly of distally radiating clusters.
The presence of such “rogue” taxa with ambiguous or conﬂicting
phylogenetic signal can result in clades with artefactually low sup-
port, which form well-deﬁned monophyletic groups when these taxa
are excluded from the analysis (Cranston and Rannala, 2007;
Wilkinson, 1996). Our previous analyses with HIV-1 sequences from
Argentina (Thomson et al., 2000), Russia (Thomson et al., 2009), and
Panama (Ahumada-Ruiz et al., 2009) suggested that such unstable
taxa frequently correspond to recombinant viruses, which tend to
branch basally relative to one of their parental clades (unpublished
results). Based on this assumption, progressive pruning in the African
subtype C tree of sequences branching basal to or outside of clusters
which initially had a relatively low node support was carried out with
the expectation of increasing the support of such clusters. Pruning
was done ﬁrst with FastTree 2 (Price et al., 2010) and subsequently
with RAxML (Stamatakis et al., 2008), as described in Materials and
methods, which resulted in progressive node support, until all se-
quences remaining in the alignment branched within clusters sup-
ported by ≥80% bootstrap values with RAxML, with further pruning
being continued if bootstrap support could be increased to≥90%. At this
point, 338 sequences (52% of the original dataset) remained in the
alignment, distributed in 11 clusters, which were named C1 through
C10 (with C7 comprising two closely related subclusters, C7a and C7b),
each comprising 6 to 159 viruses (Fig. 1b). All clusters were also
supported in ML trees constructed with PhyML (Guindon et al., 2005),
with approximate likelihood ratio test (aLRT) Shimodaira–Hasegawa
(SH)-like values (Anisimova and Gascuel, 2006; Guindon et al., 2010)
≥0.90, and in Bayesian analysis with MrBayes (Ronquist and Huelsen-
beck, 2003), using at most 12 sequences per cluster (in order to
keep computation times reasonable), with all 11 clusters supported by
a posterior probability of 1. Clusters were also strongly supported
(bootstrap values ≥90%) in a RAxML phylogenetic analysis of 213 full-
length genomes corresponding to the clustering env sequences, after
exclusionof 8 sequenceswhichbranchedoutsideof or basally to clusters
(Fig. S1).Table 1
Country distribution of African HIV-1 subtype C clusters.
ZAa BWa ZMa TZa MWa BIa
Cluster n nb %c n % n % n % n % n
C1 159 159 36.7
C2 56 53 12.2 3 6
C3 14 14 3.2
C4 7 1 0.2 4 8 2 4.7
C5 16 12 2.8 4 8
C6 6 2 0.5 4 8
C7a 18 18 4.2
C7b 8 1 0.2 4 8.3 3 5.8
C8 14 1 0.2 8 16 5 10.4
C9 16 8 1.8 1 2 2 4.2 5 11.6
C10 24 2 0.5 1 2.1 2 3.8 8
All clusters 338 271 62.6 24 48 12 25 5 9.6 7 16.3 8
No cluster 312 162 37.4 26 52 36 75 47 90.4 36 83.7
Total 650 433 50 48 52 43 8
a Countries are abbreviated with the ISO two-letter code: ZA: South Africa. BW: Botswa
Djibouti. UG: Uganda. SO: Somalia. NG: Nigeria. SN: Senegal.
b Numbers in bold type indicate a statistical association of the cluster with the correspon
c Percentages represent proportions of viruses in each cluster relative to the total of eachRooting the subtype C tree with references of different subtypes
could affect the monophyly or node support of some clusters, par-
ticularly C10, which failed to be supported when using references of
subtypes A1, B, G, or H as outgroups (Table S1, Fig. S2). The use of
different outgroups also inﬂuenced the support of “superclusters”
comprising several clusters. Thus, a supercluster comprising clusters C1
through C6 (C1–C6) was supported when using the references of
subtypes A1, B, D, G, or J as outgroups, and a supercluster comprising
clusters C7 throughC10 (C7–C10)was supportedwhen rootingwith the
references of subtypes F1 and K (Table S1, Fig. S2). When using
references of all subtypes, the tree topology supported by RAxML
analysis showed an early split of C10 from all other clusters, with a
subsequent split of these between C1–C6 and C7–C9 superclusters (Fig.
S2e).
The distribution of subtype C clusters among countries is shown in
Table 1 and Fig. 2. All clusters showed statistically signiﬁcant (p-
value≤0.05) associations with one or more countries, as analyzed
with Fisher's exact test. Four clusters, C1 (n=159), C2 (n=56), C3
(n=14), and C7a (n=18) were associated with South Africa, with 3
of them (C1, C3, and C7a) comprising exclusively viruses from this
country, including the largest one (C1), which comprised 36.9%
subtype C South African viruses. Four clusters (C4, C5, C6, and C8)
were associated to Botswana, two (C7b and C8) to Zambia, one each to
Tanzania (C7b) and Malawi (C9), while cluster C10 was associated to
the East African countries of Ethiopia, Kenya, Burundi, Djibouti, and
Uganda. The proportion of viruses belonging to clusters varied widely
among countries (Table 1), with the greatest proportions seen in East
Africa (although the number of gp160 sequences available from these
countries is low), followed by South Africa (62.9%) and Botswana
(48%), and the lowest in Tanzania (9.6%) and Malawi (16.3%).
Further pruning within clusters revealed the existence of two
subclusters in C2 (C2a and C2b) and another two in C10 (C10a, com-
prising 9 viruses, including all three Ethiopian and both Djiboutian
viruses, and C10b, comprising 8 viruses, including 4 of 8 Burundian
isolates) (Fig. S3). The South American subtype C cluster was nested
within subcluster C10b (Fig. S3), in agreement with previous results
showing the relationship of Brazilian subtype C viruses with viruses
from Burundi (Bello et al., 2008). In bootscan analysis, subcluster C2b
was recombinant between subcluster C2a and cluster C1 (Fig. S4).
In previous studies it was reported that two subtype C clusters
circulate in Ethiopia, designated C and C′ (Abebe et al., 2000; Pollakis
et al., 2003). The last one includes ETH2220 isolate, which branches in
clusterC10. Todeterminewhether EthiopianC (as opposed toC′) cluster
corresponds to one of the newly identiﬁed clusters, a phylogenetic treeKEa ETa DJa UGa SOa NGa SNa
% n % n % n % n % n % n % n %
100 4 66.7 3 100 2 100 1 100 1 50
100 4 66.7 3 100 2 100 1 100 1 50
2 33.3 1 100 1 50 1 100
6 3 2 1 1 2 1
na. ZM: Zambia. TZ: Tanzania. MW: Malawi. BI: Burundi. KE: Kenya. ET: Ethiopia. DJ:
ding country with a p-value≤0.05, as determined with Fisher's exact test.
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Fig. 2. Graphical representation of country distribution of subtype C clusters. The tree
corresponds to that shown in Fig. 1(b) with clusters compressed in triangles whose
thickness is proportional to the number of sequences. Distribution of viruses within
each cluster among African countries is depicted as pie charts on the right of each
cluster.
33M.M. Thomson, A. Fernández-García / Virology 415 (2011) 30–38with gag-pol subtype C sequences from Ethiopia deposited at the Los
Alamos database was constructed with RAxML. The resulting tree
(Fig. S5) showed that out of 10 Ethiopian viruses, 6 clusteredwith C10, 3
with C9, and one branched as outlier of the C10 cluster. This virus was
shown by bootscan analysis to be a C9/C10 recombinant (not shown).
Recently transmitted viruses are the most relevant for vaccine
development. We analyzed the distribution in clusters of subtype C
viruses recently transmitted in Africa during the last 6 years, for
which full-length gp160 sequences are available at the Los Alamos
database for 58 viruses, collected in 2005, 2006, and 2007, 46 of which
are from South Africa and 12 from Malawi (Abrahams et al., 2009;
Treurnicht et al., 2010). Among South African viruses, 32 (69.6%)
branched within clusters C1, C2, C5, C6, C7a, C9, and C10, of which 19
(41.3%) branched within cluster C1 (Fig. 3a). Among the Malawian
viruses, only 3 (25%) viruses branched within clusters, one in C4 and
two in C9 (Fig. 3a). Viruses branching outside of clusters were
analyzed for the presence of intercluster recombination using boot-
scanning with Simplot and ML analysis of partial segments with
PhyML. Seven (15.2%) viruses from South Africa and one (8.3%) from
Malawi were intercluster recombinants (Fig. S6). For South African
recombinants, C1 was parental of 5 and C2 of 6, which is consistent
with the greatest prevalence of these clusters in South Africa. Thus, for
recently transmitted South African viruses, 84.8% either branched
within clusters or were recombinants derived from them.
To analyze the effect of intrasubtype recombinants on bootstrap
support of clusters, the recombinants identiﬁed among the recently
transmitted viruses were included one by one in RAxML phylogenetic
analyses together with all African subtype C clustering sequences.
Each recombinant caused various degrees of reduction in bootstrap
support of one or two of the parental clusters. The sequence pro-
ducing the greatest effect was CHV0004215 CAP222.1.11C6, a C1/C2recombinant (Fig. S6d), which branched as outlier of cluster C2,
producing a decrease of the bootstrap support of this cluster to 53%
and of cluster C1 to 50% (Fig. S7).
In a previous study on antibody-mediated neutralization using
African subtype C viruses and sera from African subtype C-infected
individuals, regional clustering of neutralization was noticed, with sera
from South African individuals preferentially neutralizing South African
over Malawian viruses (Bures et al., 2002). Regional clustering of
neutralizationhad noobvious explanation, since phylogenetic sequence
analyses failed to reveal clustering associated to the countries of
sampling. To analyzewhether regional clustering of neutralization seen
in that study reﬂects phylogenetic clustering, we analyzed clustering of
the env sequences of viruses used for neutralization assays. Full-length
env sequences are available from 7 viruses whose paired sera were also
used for neutralization in this study. Five of thembranched in cluster C1,
one (Du179) as outlier of cluster C2, and one (Du172) as outlier of
clusterC9 (Fig. 3b).Du179was shownbybootscananalysis tobeaC1/C2
recombinant (Fig. S8). For the Malawian viruses used in the study, only
short sequences of ~100 nt are available, which were insufﬁcient to
obtain signiﬁcant support of clusters. However, it should be noted that
only 16.3% Malawian viruses analyzed in this study branch within
clusters, and none branches within cluster C1.
Discussion
In this study we aimed at analyzing the phylogenetic structure
within subtype C, which is the most prevalent clade in the HIV-1 pan-
demic. After a selective sequential pruning strategy, by which
ambiguously positioned taxa, relative to clusters with an initial rela-
tively low node support, were progressively removed, a well deﬁned
phylogenetic structure becomes apparent, with 11 strongly supported
clades comprisingmore thanhalf African andnearly two-thirds of South
African subtype C viruses whose envelope sequences are deposited in
databases (Fig. 1, Table 1). Clusters were also supported in trees of full-
length genomes (Fig. S1). All clusters had statistically signiﬁcant geo-
graphical associationswith one ormore countries, with 4 clusters being
associated to South Africa, including the largest cluster (C1) comprising
37% viruses from this country, 4 to Botswana, 2 to Zambia, one each to
Tanzania and Malawi, and one (C10) to East African countries of
Ethiopia, Burundi, Kenya, Djibouti, and Uganda (Table 1).
Pruning strategies similar to the one used in this study have been
used previously by other authors (Cranston and Rannala, 2007;
Sperling et al., 2009; Thorley and Wilkinson, 1999; Wilkinson, 1996)
to deﬁne relationships among subsets of taxa selected from the
original dataset after exclusion of phylogenetically unstable (“rogue”)
taxa, such as the majority-rule reduced consensus method (Wilkin-
son, 1996), or the pruning method applied to the posterior dis-
tribution of trees obtained by using Bayesian phylogenetic inference
(Cranston and Rannala, 2007). Pruning of basally branching se-
quences to increase node support of clusters has also a theoretical
basis on the reported correlations between branch length and levels of
node support, with short branches associated with low bootstrap or
SH-like values (Pyron et al., 2011; Wiens et al., 2008). Removal of
basal branches results in increased length of the stems leading to
distally radiating clades, which is reﬂected in increased node support.
Pruning of basal branches may be also justiﬁed by the tendency of
recombinant sequences to branch basally to one of the parental clades
(Fig. S5, Fig. S7, Fig. 3b), mimicking an ancestral split, and by the effect
of long branch attraction, by which a rapidly evolving taxon may be
artefactually attracted either to another rapidly evolving taxon or
towards the root away from its expected position within the clade
(Bergsten, 2005; Philippe and Laurent, 1998; Stiller and Hall, 1999). In
this respect, unintentional basal branch removal is done by biased
sampling when constructing HIV-1 group M phylogenetic trees with
viruses that exclude Central African sequences. These may be the
equivalent of pruned trees, where the basally branching sequences
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Fig. 3. Phylogenetic trees of viruses from studies using South African HIV-1 subtype C samples. (a) Branching of recently transmitted African subtype C viruses in clusters. The
analyzed env sequences correspond to recently transmitted viruses from South Africa and Malawi collected in 2005–2007 (Abrahams et al., 2009; Treurnicht et al., 2010). Non-
clustering sequences were excluded from the analysis. (b) Phylogenetic tree of env sequences of South African HIV-1 isolates used for neutralization assays in the study by Bures et al.
(2002). The trees are constructed with RAxML. Sequences are named with the two letter country code and the isolate's name. Cluster references in (a) are underlined. Names of
viruses used in the neutralization assays in (b) are in bold type. Bootstrap values ≥70% are shown.
34 M.M. Thomson, A. Fernández-García / Virology 415 (2011) 30–38representing the earliest group M radiation, which probably occurred
in the present territory of the Democratic Republic of Congo (DRC)
(Worobey et al., 2008; Zhu et al, 1998) have been excluded, resulting
in the highly structured group M topology, with long stems ending in
starburst radiations, corresponding to subtypes. This structure is not
apparent when DRC sequences, which frequently branch basally to
subtypes, are included in the analysis (Archer and Robertson, 2007;
Rambaut et al., 2001). The fact that a highly structured phylogeny,
such as that seen among global subtypes, is not initially apparent in
the African subtype C tree may derive from multiple subtype C
introductions early in the epidemic, with extensive intrasubtype
recombination blurring the distinction between clusters, and possibly,
at least in some areas, also on the lack of geographical separation of
the early subtype C radiation from the subsequent subtype C expan-
sion among local transmission networks, with ancestrally derived
viruses cocirculating in the same area and recombining with viruses
derived from more recent radiations. This is in contrast to the global
expansion of group M represented by subtypes, which may derive
from chance exportations, followed by rapid diversiﬁcation, of DRCvariants to previously unexposed populations in geographical areas
distant from the group M epicenter (Rambaut et al., 2001).
The highly structured subtype C phylogeny observed in this study,
with strongly supported clusters, was possible in part thanks to the
elimination of artefacts derived from the inclusion of intrasubtype
recombinants and of certain outgroups in the analyses. The clade-
collapsing effect of recombinant sequences is appreciated when a
single intercluster recombinant sequence is reintroduced in the
pruned tree, which provokes a large decrease in bootstrap values
supporting the parental clades (Fig. S7). On the other hand, rooting the
tree with sequences of some subtypes results in the collapse or
considerable decrease in bootstrap support of some clusters, partic-
ularly C10 (Fig. S2, Table S1). The grouping of clusters within super-
clusters is also affected by the outgroup, with C1–C6 supercluster
supported with most outgroups, and C7–C10 supercluster supported
when rooting with the references of subtypes F1 or K (Fig. S2, Table
S1). The grouping of subtype C viruses in two alternative superclusters,
depending on the outgroup used for rooting, suggests a dual ancestry
of subtype C corresponding to these superclusters, of which C1–C6 is
35M.M. Thomson, A. Fernández-García / Virology 415 (2011) 30–38associated to Southern Africa and C7–C10 to East Africa (except C7a).
An alternative hypothesis is inferred from the topology supported
when rooting with references of all subtypes (Fig. S2e), in which East
African cluster C10 represents the earliest split, with a subsequent split
corresponding to superclusters C1–C6 and C7–C9. The inﬂuence of the
outgroup on the topology of the ingroup is a well-known phylogenetic
artefact, which is particularly common when the outgroup is distant
from the ingroup sequences (Bergsten 2005; Kodandaramaiah et al.,
2010; Philippe and Laurent, 1998; Shavit et al., 2007).
A ﬁnding in this study potentially relevant for vaccines was that
derived from the analysis of recently transmitted subtype C viruses of
Southern Africa (Abrahams et al., 2009; Treurnicht et al., 2010). Of 46
South African viruses, 69.6% branched within clusters (41.3% in C1)
(Fig. 3a) and 15.2% were intercluster recombinants (Fig. S6), making a
total of 84.8% viruses which proved to derive from one or more of the
clusters here identiﬁed. This, together with results suggesting that
regional clustering of neutralization in South Africa reported in a
previous study (Bures et al., 2002)may reﬂectphylogenetic clustering in
C1, inwhich5 of 7 South African viruses used in the cross-neutralization
assays branch (Fig. 3b), may serve as guide for vaccine design based on
the incorporation of immunogens representing the most prevalent
subtype C clusters in South Africa.
Although this is not the ﬁrst study to identify phylogenetic clusters
in African HIV-1 subtype C, in previous studies, clustering was much
more limited in extent and in geographical associations (Rousseau
et al., 2007; Bredell et al., 2007; Novitsky et al., 2010), although
local subtype C clusters were identiﬁed in Ethiopia (Abebe et al., 2000;
Pollakis et al., 2003) and Botswana (Novitsky et al., 2002). By
comparing the clusters previously identiﬁed in these two countries
with those found by us, it can be inferred that four of the Botswanan
clusters, comprising 3, 5, 4, and 8 viruses, correspond, respectively, to
clusters C4, C5, C6, and C8 (although it is important to note that 12 of
16 C5 viruses are from South Africa and that 5 of 14 C8 viruses are
from Tanzania) and that the Ethiopian clusters previously designated
C and C′ correspond, respectively, to clusters C9 and C10 found in this
study.
In conclusion, we have shown that after selective sequence
pruning, a well deﬁned phylogenetic structure becomes apparent
among African HIV-1 subtype C viruses, with more than half of them
branching in 11 strongly supported clusters, all with geographical
associations to oneormore countries. In SouthAfrica, theproportionof
subtype C clustering viruses reached 63%, with one of the clusters, C1,
comprising 37% of the isolates. Among recently transmitted subtype C
viruses of South Africa, 85% branched within clusters or were inter-
cluster recombinants. The analysis of subtype C isolates used in a
neutralization study suggests that regional clustering of neutralization
in South Africa might reﬂect phylogenetic clustering, although further
studies with greater numbers of viruses and sera representative of
different clusters would be needed to conﬁrm this association. These
ﬁndings might have obvious implications for HIV-1 vaccine design
intended for use in Southern or East Africa andwould constitute a basis
for further studies on the correlations of phylogenetic clusters with
susceptibility to neutralizing antibody and cellular immune responses.
If such associations are found, this would justify the use of vaccines
incorporating immunogens derived from the major clusters circulat-
ing in the geographical area where it is tested.Multiple strategies have
been proposed to increase the coverage of the immune response
elicited by vaccines against the extensive diversity of HIV-1 genetic
forms, including polyvalent vaccines incorporating immunogens of
different subtypes or CRFs (Lu et al., 2010), vaccines with centralized
sequences based on group M, subtypes or CRFs (Arenas and Posada,
2010; Gao et al., 2007; Gaschen et al., 2002; Nickle et al., 2003), use of
computationally designed mosaic proteins assembled from natural
sequences optimized to maximize coverage of the most common
potential T-cell epitopes across HIV-1 clades (Barouch et al., 2010), use
of immunogens incorporating the most highly conserved regions ofthe HIV-1 proteome (Altfeld and Allen, 2006; Letourneau et al., 2007;
Rolland et al., 2007), or rational immunogen design based on epitopes
targeted by broadly neutralizing antibodies (Walker and Burton,
2010). An additional strategy is based on the dissection of subtypes
andmajor epidemic CRFs in their component subclades, as done in the
analyses here described, which could be used for studies on cor-
relations with immune responses, and eventually for immunogen
design (which could incorporate the polyvalent or centralized ap-
proaches, but based on intrasubtype clusters rather than on subtypes).
This strategy is supported by several facts and arguments: (1) the
difﬁculty in eliciting broadly neutralizing antibodies against HIV-1 in
the general population, since their induction may depend on the
particular primary B-cell repertoires present in a few individuals and
on a lengthy afﬁnity maturation process in the context of a chronic
infection (Xiao et al., 2009; Zhou et al., 2010); (2) large intrasubtype
divergences, which may be too great to be covered by a single immu-
nogen, as suggested by the relatively poor correlation between
subtypes and susceptibility to immune responses, and by studies
with EIAV, in which relatively minor genetic distances between
vaccine and challenge viruses resulted in large reductions in vaccine
efﬁcacy (Craigo et al., 2007); and (3) the existence of an underlying
intrasubtype phylogenetic structure, at least in some subtypes, as
shown in this study, with possible correlations of intrasubtype clusters
with susceptibility to neutralizing antibody responses.
Materials and methods
All subtype C full-length envelope sequences from viruses col-
lected in Africa available at the Los Alamos HIV Sequence Database
(HIV Sequence Database, 2010) were downloaded using the option
“one sequence per patient”. Two viruses branching as outliers of the
subtype C clade, shown to be intersubtype recombinant, 20 with large
deletions or stretches of missing sequence, and 7 apparently from the
same subject (as suggested by partially coincident names and short
genetic distances) were removed, leaving a total of 650 sequences,
which were used for subsequent analyses. Sequences were aligned
with MAFFT v.6 (Katoh et al., 2009). Highly polymorphic segments
with uncertain alignments were removed, resulting in an alignment of
2373 nucleotides (nt). An initial phylogenetic analysis was done with
RAxML (Stamatakis et al., 2008) using the general time reversible
evolutionary model with CAT approximation for rate heterogeneity
across sites (GTR+CAT). The results showed a largely unstructured
phylogeny (Fig. 1a). In order to determine if lack of phylogenetic
structure in African subtype C derives from the presence of phy-
logenetically ambiguous sequences, a pruning strategywas employed,
using ﬁrst FastTree 2 (Price et al., 2010) and subsequently RAxML.
Trees were constructed with FastTree 2 applying the GTR+CAT
model of evolution, and using as outgroup the subtype C ancestral
sequence estimated by an ML method [this sequence, downloaded
from the Los Alamos database, was used as outgroup to avoid the
artefacts of phylogenetic tree construction associated to the use of
outgroups which are distant from the ingroup sequences (Bergsten,
2005; Kodandaramaiah et al., 2010; Korber et al., 2000; Shavit et al.,
2007)]. FastTree 2, a program for rapid phylogenetic tree construction
which uses heurisitic searches based on a combination of minimum
evolution and maximum likelihood criteria, was employed for the
initial analyses because of its rapidity for tree construction with large
alignments, a reported accuracy comparable to an ML method, and
because the Shimodaira–Hasegawa (SH)-like statistic that it uses may
provide support for short branches which fail to be supported in
bootstrap analyses (Pyron et al., 2011). In the initial analysis with
FastTree 2, clusters were deﬁned as those with ≥0.85 SH-like support
comprising at least 10 viruses, or 5 to 9 viruses if these included at
least 5% of the viruses of one country. These criteria were chosen, on
the one hand, to exclude minor clusters with lesser epidemic
importance, and, on the other, to avoid missing clusters comprising
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where South African isolates are greatly overrepresented. Sequences
branching outside of or basal to the so deﬁned clusters were
progressively removed for phylogenetic analyses, which resulted in
a progressive increase in the node support of the clusters. Pruningwas
continued until SH-like support values for each cluster was≥0.98. The
resulting pruned alignment was used to construct an ML phylogenetic
tree with RAxML using the GTR+CAT model of evolution, via the
CIPRES Portal (Miller et al., 2009) or the Vital-IT (http://phylobench.
vital-it.ch/raxml-bb/index.php) servers. Pruning was continued by
progressively removing basally branching sequences, with basal
position relative to clusters deﬁned in trees constructed either with
RAxML or the neighbor-joining method implemented in MEGA 4
(Tamura et al., 2007), until the bootstrap support of each cluster in
RAxML analyses was at least 80%, and if possible≥90% (the reason for
using MEGA is that occasionally removal of a sequence which
branched basally to a cluster in a tree constructed with this program,
but not with RAxML, resulted in a large increase in bootstrap support
of the cluster when analyzed with RAxML). Support for the clusters
identiﬁed with RAxML was also analyzed by a second ML method
implemented in PhyML 3.0 program (Guindon et al., 2005), with
estimation of node support by the approximate likelihood ratio test
(aLRT) using an SH-like procedure (Anisimova and Gascuel, 2006;
Guindon et al., 2010), and by Bayesian inference using MrBayes v3.1.2
program (Ronquist and Huelsenbeck, 2003). The PhyML analysis was
done using the GTR+Γ+I model of evolution and heuristic searches
based on subtree pruning and regrafting (SPR) moves. The Bayesian
analysis was performed using the GTR+Γ+I substitution model,
with two simultaneous independent runs and 8 chains run for 30
million generations, discarding the ﬁrst 50% as burn-in. Clusters were
considered well supported if aLRT SH-like values were ≥0.90 and
Bayesian posterior probabilities were ≥0.95. Trees were visualized
withMEGA 4 (Tamura et al., 2007) or Figtree (http://tree.bio.ed.ac.uk/
software/ﬁgtree/). Correlations of clusters with countries of sample
collection were analyzed with the two-tailed Fisher's exact test using
GraphPad Prism (GraphPad Software, San Diego, CA).
Intrasubtype recombination was analyzed in selected sequences.
This was done by bootscanning with the program Simplot v3.5 (Lole
et al., 1999) using as reference sequences the consensuses of subtype C
clusters identiﬁed in the previous analyses. The window was of 600 nt
moving in 20 nt increments and trees were constructed using the
neighbor-joiningalgorithmandKimura's two-parameter distanceswith
transversion:transition ratios estimated from the dataset. References
that branchedwith the query sequence in the initial analysis with≥50%
bootstrap value at some segment were selected as references in a
subsequent bootscan analysis, with the ancestral subtype C sequence
used as outgroup.Windowwidths could be adjusted to smaller values if
the initial analyses suggested the presence of recombinant segments
shorter than the initial window width. Segments of putative recombi-
nant viruses, as analyzedwith Simplot (thosewhich showed alternating
branching with different cluster consensuses supported by ≥80%
bootstrap values in the second analysis with selected references) were
subjected toML analysis with PhyML using references of all clusters and
assessing node support with the aLRT SH-like statistic. Alternate
clustering of the analyzed sequencewith references of different clusters
with ≥0.8 aLRT SH-like support was considered deﬁnitive evidence of
intercluster recombination.
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